ABSTRACT The immunohistochemical localization oftwo myelin-specific proteins-basic protein (BP) and proteolipid protein (PLP)-was compared during the process of myelination. Although both proteins were present in oligodendrocytes, (i) neither protein was observed in oligodendrocytes not already closely associated with nerve fibers exhibiting a fluorescent coating; (ii) in any discrete anatomical area oligodendrocytes were positive for BP before PLP was visible; and (iii) as myelination progressed, immunoreactivity for BP in oligodendrocytes appeared to decrease and simultaneously PLP immunofluorescence became visible in this cell type. During the period of active myelination, fibers exhibited a distinct varicose appearance. As myelination progressed, the myelin sheath increased in thickness and these varicosities became less prominent, eventually completely disappearing. Therefore, the nature and the appearance ofvaricosities can be used as an index ofthe relative stage ofmaturation ofmyelin in an individual fiber. In general, PLP appeared in fibers at a later stage ofmaturation than did BP based on the above criteria. However, in a relatively small number offine fibers PLP was observed at a very early stage. In fully mature myelin, very large fibers were frequently more intensely fluorescent for BP than PLP, whereas fine myelinated fibers were more intensely stained for PLP. These observations are consistent with the following interpretations. (i) Substantial differentiation of oligodendrocytes occurs prior to appearance of either of these proteins by immunofluorescence. (ii) BP is added to the myelin sheath prior to PLP and there appears to be a shift in priority of synthesis from BP to PLP in individual oligodendrocytes during the process of myelination. (iii) Very small fibers often contain low concentrations ofBP relative to PLP, and conversely, very large fibers may contain a high concentration of BP relative to PLP. Thus, the relative concentration of these proteins in myelin appears not to be constant but may vary as a function of the size of the myelinated fiber.
Proteolipid protein (PLP) and basic protein (BP)-the major structural proteins of central nervous system myelin-account for 50% and 30%, respectively, of the total myelin membrane proteins ofrat brain (1) (2) . The limited solubility of myelin PLP in aqueous solution has posed a persistent problem in the purification of PLP for further biochemical and immunological characterization. Techniques for the isolation ofan antigenically active preparation of myelin PLP have been developed in this laboratory (3) . Specific precipitating antibodies to homogeneous preparations ofboth PLP and BP isolated from rat brain myelin have been produced. The purity and specificity ofthese antisera have been established by immunodiffusion and cross immunoadsorption (3, 4) . The antisera to PLP and BP were used for the immunohistochemical localization of these proteins in the central nervous system. The results of the immunohistochemical studies in adult brain established that both PLP and BP are (i) exclusively localized to the myelin sheath, (ii) absent from neuronal cell bodies and their dendrites, (iii) absent from axons as determined by the lack of staining at nodes of Ranvier and from the axoplasm ofmyelinated fibers cut in cross section, and (iv) absent from glial elements with the exception of oligodendrocytes. In addition, the antisera to both proteins showed bright fluorescence in tissue sections prepared from adult rat, mouse, chicken, bovine, and human brain, indicating significant cross reactivity among species (3) (4) (5) .
This paper reports the results of a study of the distribution of PLP in the rat during development and describes the similarities as well as differences between the distribution previously described for BP (4) . The detailed comparison of the sequential appearance of BP and PLP in developing brain provides new insights into the process of myelination in rat brain.
MATERIALS AND METHODS
A homogeneous preparation of myelin PLP was isolated from rat brain and specific precipitating antibodies were produced in rabbits as described (3) . Similarly, the purification of and preparation of specific antiserum to rat brain BP have been reported (4). The immunohistochemical procedures for the localization of these antigens to myelin and oligodendroglial cells have been described in detail (3, 4) . PLP and BP were localized in rat (Wistar) brains taken from animals 1-15 days of age and in bovine spinal cord. RESULTS Intracellular Distribution. Both myelin proteins are observed exclusively in oligodendrocytes. However, the appearance of the immunocytochemical localization as compared in Fig. 1 
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. ready enveloped by an immunofluorescent coating. Isolated immunostained oligodendrocytes were never observed. Fig. 2 shows adjacent sections from the cerebellum ofa 9-dayold rat. The immunofluorescence of BP in the fibers located in the central region of the fiber tract is clearly higher than for those located at the periphery of the fiber tract. The brightest oligodendrocytes are at the edge of the pathway where fibers are actively being myelinated ( Fig 2B, PLP appears to be added to fibers in the central portion of the pathway. The number ofoligodendrocytes positive for PLP is also highest in this region of the tract. This general sequence was observed in any anatomical area undergoing active myelination. As myelination progresses, the oligodendrocytes are noted to lose their immunofluorescence, indicating a decrease in storage of the proteins. The sequential loss of PLP immunoreactivity from the oligodendrocytes with a concomitant increase in the fluorescence in the fibers is shown in Fig. 3 . This phenomenon has previously been shown for BP (4) .
We have previously reported (4) with BP localization that, during the development of the myelin sheath, the fibers exhibit a distinct varicose appearance. These varicosities represent regions of increased cytoplasmic volume, which may serve as channels of transport or as reservoirs for myelin proteins prior to their incorporation into the myelin sheath (4, 6). As maturation progresses and the sheath thickens, these varicosities disappear. Fig. 4 A-D shows the pattern of formation and disappearance of varicosities in developing brain when PLP is localized by immunofluorescence. A major difference observed between the localization with BP and PLP is that the number offibers exhibiting large and prominent varicosities-characteristic of the earliest stages of maturation-is substantially less when PLP rather than BP is used as a marker. In contrast, when BP is localized at an early stage of maturation almost all fibers exhibit distinct varicosities (Fig. 4E) . Oligodendrocytes positive for PLP are more frequently observed in association with fibers surrounded by a relatively more mature myelin sheath as judged by the size of the varicosities and the thickness of the sheath.
A substantial variation in the relative intensity of staining of BP and PLP in individual myelinated fibers was observed. For example, Fig. 5 shows adjacent sections from bovine spinal cord stained with anti-BP and anti-PLP antiserum. The myelin sheaths ofthe very large fibers are heavily stained with BP, but appear essentially negative with PLP. Conversely, the myelin of small diameter fibers stains more intensely for PLP than for BP. DISCUSSION PLP and BP are the two main proteins ofcentral nervous system myelin. The localization of BP in adult and developing brains has been studied extensively (4, 7) . The localization of PLP shows many similarities with that ofBP. However, acomparison of appearance of these two proteins generates a number of insights into the development of myelin membrane that are not possible from the study of either antigen alone. Some degree of differentiation of the oligodendrocytes occurs before either protein is observed because the appearance of BP and PLP occurs only after the precursor cells have migrated into the preformed axonal pathways. Because these proteins were always observed in oligodendrocytes in close association with fibers already undergoing myelination, it was concluded that the onset of major production of these proteins occurs after the process of ensheathment has started. Thus, the signal for proliferation of oligodendrocytes appears to be different from the signal for the production of BP and PLP. In addition, it was inferred from localization of BP (4) that the major production ofthese proteins occurs sometime after their first contact with the axon to be myelinated. This inference is based on the observation that isolated immunostained oligodendrocytes were never seen, as Furthermore, comparison of the localization of PLP and BP in adjacent sections suggests that individual oligodendrocytes do not produce both proteins in large quantities simultaneously (Fig. 2) . Also, because oligodendrocytes in the same region do not appear to contain high concentrations of both proteins, we concluded that there is a shift in priority from the synthesis of BP to the synthesis of PLP as myelination progresses.
We have previously shown for BP that there is a dramatic loss of immunofluorescence from oligodendroglial cells with a concomitant increase in the intensity of immunofluorescence in myelin (4) . This study coupled with our previous observations indicates that BP is the first to disappear and this is followed by the appearance of PLP. Thus, in general, BP appears to be added to the developing myelin membrane before PLP and PLP appears to be made and added to the myelin sheath somewhat later. However, it is clear from the synthesis and turnover studies in developing and mature brain (8) (9) (10) (11) (12) that the synthesis of both proteins never completely stops. Therefore, the absence of immunofluorescence in oligodendrocytes in adult brain probably indicates the presence ofprotein concentrations below I the level of sensitivity of the method rather than complete absence of the protein from oligodendrocytes.
We have previously shown that one of the major characteristics of fibers during the early phases of maturation is the formation ofregularly spaced swellings or varicosities in the sheath (4, 6) . The presence of these varicosities can serve as an indication ofthe degree ofmaturation ofthe myelin associated with an individual nerve fiber. Because PLP generally appears in fibers after the varicosities are substantially reduced in size, it was inferred that PLP is added to the sheath after BP. Because some fine fibers receive PLP in their sheaths very early during development as judged by the -appearance of their varicosities, it is hypothesized that these fibers receive or contain only small amounts of BP. This hypothesis is strengthened by the observation that in adult brain many fine fibers are easily seen with PLP and not well visualized when BP is localized. Conversely, BP is present in the adult in the sheath of many large diameter fibers that do not show significant immunoreactivity with PLP. Therefore, it was concluded that the relative amounts ofBP and PLP are not necessarily constant in different fibers even in the mature myelin membrane. This conclusion is consistent with previous biochemical measurements that have shown a difference in the ratio ofBP and PLP in myelin subfractions separated on sucrose density gradients (13) (14) (15) and in myelin prepared from different brain regions (15) (16) (17) . Other myelin-specific proteins might be expected to show similar heterogeneity in concentration. It should be emphasized that it cannot be generalized that all large fibers contain high BP and low PLP concentrations. For example, the large fibers in optic nerve exhibit equally intense immunofluorescence with these two myelin proteins.
However, the fact that the protein composition of central nervous system myelin is frequently variable has a number of implications. First, it implies that functional characteristics of the myelin sheath may also not be constant, producing an additional possibility for varying the properties of nerve conduction. Second, differences in protein composition may explain why various diseases of myelin may selectively destroy the sheath of some fibers while sparing others. This study further supports our previous suggestion (4) that complete understanding ofthe formation and function ofthis complex membrane will not be possible by examining one or even two of the myelinspecific proteins.
